Abstract: Our purpose in this study was to determine the microhardness of superficial and deep dentin by means of two indentation methods (Knoop and Vickers) under two different applied loads. Twelve dentin discs approximately 2-mm thick were obtained from both superficial and deep dentin by transversally sectioning the crowns of sound, extracted human third molars with a diamond blade under water irrigation. Dentin surfaces were sequentially polished, and indentations (n ϭ 20 per surface) were performed with either Vickers indentor at loads of 300 and 500 g, respectively, or Knoop indentor at loads of 50 and 100 g, respectively. Average Vickers hardness number (VHN) and Knoop hardness number (KHN) were calculated and treated with two-way analysis of variance (ANOVA) and Student's t test. Microhardness of dentin was not influenced by the different loads applied for both indentation methods. Knoop hardness was significantly higher for superficial than for deep dentin (p Ͻ 0.05).
INTRODUCTION
Dentin microstructure and its properties are principal determinants of nearly all procedures in restorative dentistry. 1 Dentin is a hydrated complex composed of four elements: (1) oriented tubules surrounded by (2) a highly mineralized peritubular zone embedded in an intertubular matrix consisting largely of (3) type I collagen with apatite crystals and (4) dentinal fluid. 2 There are differences between the superficial and deep dentin structure: The relative quantities of the tubule, peritubular, and intertubular areas vary quite dramatically. [1] [2] [3] These marked changes in the amount of each structural element imply that the nature of the substrate presented for bonding may vary with location.
Knowledge of the mechanical properties of human dentin would help restorative treatment. 4, 5 Microhardness is defined as the resistance to local deformation, 6 and its tests are based on the induced permanent surface deformation that remains after removal of the load. 6 Hardness measurements can be correlated with other mechanical properties such as fracture resistance, 7 modulus of elasticity, and yield strength. 8, 9 A strong relationship exists between microhardness of dentin and the respective bond strength. 10 So microhardness provides a first step toward predicting the behavior of dentin/restoration interfaces. 1 Regional differences in microhardness can alter the distribution of stresses along the interface and may determine the preferential location of failures. Our purpose in this study was to assort differences between superficial and deep dentin microhardness using two different microindentation techniques, under two different applied loads. 
MATERIALS AND METHODS

Specimen preparation
We used 12 extracted, caries-free, human third molars kept in distilled water at 4°C for no longer than 6 months. The teeth were embedded in self-cure acrylic resin (Special Tray; Dentsply, UK) by their root portion, and dentin discs were obtained by transversal sectioning of the crowns with a low-speed diamond saw (Accutom Hard Tissue Microtome; Struers, Denmark) under water irrigation. We obtained 6 discs approximately 2-mm thick from superficial dentin, and 6 discs of the same thickness from deep dentin. Superficial dentin was defined as dentin within 0.5 mm of the enamel in the central occlusal groove. Deep dentin was defined as the dentin surface within 0.5 mm of the highest pulp horn. The exposed dentin surfaces were automatically polished in a circular grinding machine (EXAKT-Apparatebau D-2000; Nerderstedt, Germany) with SiC paper of 500 and 800 grit for the Vickers test, and 500, 800, 1000, 1200, and 4000 grit for the Knoop test. Polishing was performed to provide a more uniform surface for reading and to improve the precision of the indentations.
11
Microhardness measurements
An Instron Wolpert hardness tester (V-testor 4021, Instron Wolpert GmbH; Ludwigshafen, Germany) was used in this study. Most hardness measurements of dentin have been performed with microindentation techniques such as spherical, Knoop, or Vickers indentors. In the Vickers hardness test, a diamond in the shape of a square-based pyramid is pressed into the polished surface of a material under a specific load. The test is suitable for determining the hardness of very brittle materials, such as tooth structure. 12 The Knoop hardness test employs a diamond indenting tool that is also cut in the geometric configuration of a pyramid; however, its base is not square in shape. The impression is rhombic in outline. 1, 12 Six dentin discs, three representing superficial dentin and three representing deep dentin, were randomly assigned for each microhardness test. Vickers indentations were performed with either 300-or 500-g loads and Knoop indentations with either 50-or 100-g loads. Each polished surface received 40 indentations, 20 for each load. The duration of load application was 15 s. Indentations were performed immediately after polishing and spacing to minimize interactions between neighboring marks. All indentations on each dentin disc were performed within 45 min. Between each measurement, we covered the dentin surface with a wet tissue paper to avoid dehydration of the surface. 4 We determined the Vickers hardness, expressed as the Vickers Hardness Number (VHN), with the aid of an optical microscope (200ϫ) (Zeiss, Germany), according to the following formula:
where P ϭ load, in grams, and d ϭ mean diagonal of indentation, in micrometers. We determined Knoop hardness, expressed as the Knoop Hardness Number (KHN), by examining the surface with an optical microscope (800ϫ) (Zeiss, Germany) and according to the following formula:
where P ϭ applied load, in grams, and d ϭ length of the longest diagonal, in micrometers.
Statistical analysis
Data obtained from each hardness method were analyzed by two-way analysis of variance (ANOVA) (factors: dentin depth and applied load) and when significant Student's t tests were applied, with the aid of SPSS/PCϩ 4.0 1990 software (SPSS, Inc., Chicago, IL). The significance level was set at ␣ ϭ 5%. a n ϭ number of indentations. ANOVA showed no influence for main factors: dentin depth (F ϭ 0.12, P ϭ 0.89), applied load (F ϭ 0.04, P ϭ 0.85). Interactions were not significant (F ϭ 1.44, P ϭ 0.23). a n ϭ number of indentations. ANOVA showed no influence for applied load (F ϭ 0.10; P ϭ 0.76). Knoop hardness was influenced by dentin depth (F ϭ 34.19, P Ͻ 0.001). Interactions were not significant (F ϭ 0.29, P ϭ 0.6).
RESULTS
(p Ͻ 0.001). The average of hardness differences between superficial and deep dentin was 8.24, confidence interval (CI) 95% (5.48, 11). The hardness of each individual substrate was not significantly influenced by the different loads applied (p ϭ 0.76), and no significant interactions were observed between factors (p ϭ 0.60).
DISCUSSION
The mean VHN value reported in this study for sound human dentin (ca. 62.32) is in accordance with previously reported values (57, 13 60 14 ) . The calculated mean value for Knoop hardness is also similar to previously reported values, ranging from 50 to 70. [15] [16] [17] The similarity of reported values is certainly due to the reproducible microindentation techniques employed. 1 Although a hardness-load dependence sometimes exists for brittle materials, no significant hardnessload dependence was detected for either the Vickers or Knoop tests within the test load ranges. It has been reported that the apparent increase in hardness with decrease in load is primarily caused by two factors: (1) the determination of the size of the indentation, or inability to read the final micron of the indentations, especially when indentations are shorter than 100 m 12,18 ; and (2) the elastic recovery of the indentation. 12 For Knoop hardness, upon unloading, elastic recovery occurs mainly along the shortest diagonal and depth, but the longest diagonal remains relatively unaffected. 19, 20 Therefore, the hardness measurements obtained by this method are practically insensitive to the elastic recovery of the material.
Load dependence is not as important as has previously been suggested. 12, 18 The useful load range is relatively limited, and the hardness variations due to load dependence will probably be small in comparison with variations caused by experimental errors. 20, 21 Only Knoop hardness was significantly higher for superficial than for deep dentin. The chief characteristic of the Knoop hardness test is its sensitivity to surface effects and textures. 12, 22 For a given load, the Vickers indenter penetrates about twice as far into the specimen as the more shallow Knoop indenter, and the diagonal is about one-third the length of the longest diagonal of the Knoop indentation. Thus, the Vickers test is less sensitive to surface conditions and, due to its shorter diagonals, more sensitive to measurement errors when equal loads are applied. 12, 22, 23 The microhardness of deep dentin found in our study was about 63 for both Vickers and Knoop methods. This value is somewhat higher than previously reported values in the literature (ca. 20 -25 KHN) for deep dentin. 16, 24, 25 Such differences are attributed to the mode of specimen preparation. Our values were taken as an average of indentations made on the entire surface of a disc obtained from deep dentin. Because it is a transverse section of the tooth, indentations were certainly made at different distances from the pulp. Pashley et al. prepared much thinner sections of the crowns and made indentations right next to the pulp horns. 24 Fusayama et al. calculated a KHN of 20 at an approximate distance of 100 m from the pulp. Their measurements were made on longitudinal sections. 16 Because the tubules in dentin are not randomly oriented, properties may be directionally dependent.
Because the Knoop microindentation technique provides only an average hardness of the surface and is unable to detect variances in the hardness of such individual structures, the variation observed reflects differences in the tubule density at different locations, 24 or in the bulk chemical composition of dentin. Kinney et al., 26 by means of a modified atomic force microscope, showed that the decrease in hardness as a function of depth was caused by a decrease in the stiffness of intertubular dentin matrix due to a heterogeneous distribution of the mineral phase within the collagen matrix. Despite the distinctive microstructure, the dentinal tubules exert only a minor influence on mechanical properties. 27 Differences in hardness measurements between superficial and deep dentin found in this study, although statistically significant, are probably not clinically relevant, considering that mean differences (95% CI) in hardness as a result of dentin depth ranged from 5.5 to 11.0 KHN.
Current concepts of resin/dentin adhesion imply that chemicals should be applied to the surface to alter the structure of dentin and favor resin infiltration. 28 Such procedures induce considerable changes in the surface morphology and physical properties of dentin. 6, 29, 30 Young's modulus in the unprotected protein (collagen interface between dentin and adhesive) is just under 2 Gpa, and in the adjacent region is on the order of 7 GPa and increases to normal away from the interface. 31 For self-etching adhesive systems, the primers create diffusion channels into "intact" dentin and establish an hybrid layer. 32 Mechanical properties of this bonding interface are supposed to be related to the hardness of the original dentin substrate obtained in this study; further research should be conducted to ascertain whether this is true.
